Currently, wide-gap ZnO nanoparticles bear important potential application in electro-optical devices, transparent ultraviolet protection films, and spintronic devices. We have studied the magnetic properties of nanocrystals of ZnO(Fe, Co, Mn) 
Introduction
Nanocrystalline materials derive their interesting and technologically useful properties with respect to bulk mainly from quantum confinement effects and the increasing role of surface atoms with the decrease in particle size. Magnetic nanocrystals are currently in the focus of activity of a wide scientific community: physics, chemistry, biology, medicine [1, 2] .
Superparamagnetic nanoparticles based on a core consisting iron oxides are very promising for in vivo applications (e.g. hypethermia and radiotherapy in vivo). In particular, there is an urgent need to increase the efficacy of cancer therapy by overcoming several limitations of conventional hyperthermia and chemotherapy. Composite nanoparticles based on magnetic oxides can be loaded with cytotoxic drugs, dispersed in a carrierfluid, injected into the bloodstream, and targeted to the tumor using an external magnetic field gradient. These particles release the drug following localization in the tumor, resulting in increased tumor drug concentration with minimal systemic toxicity ( [3] and references therein). In addition, superparamagnetic nanoparticles are biocompatible and are in routine clinical use. Nanosized magnetic oxides are of particular interest due to the potential commercial applications [see e.g. [4] [5] [6] [7] . There are several reasons why wide-gap oxides were chosen in our studies. The intense interest in dilute magnetic oxides is mainly driven by the search for new device applications in spin-based technologies. Unlike the diluted magnetic semiconductors based on III-V or II-VI group of elements showing ferromagnetism only at very low temperatures, these oxide-based DMS's exhibit ferromagnetism at higher temperatures and even above RT. They are also optically transparent making them suitable for magnetooptoelectronic applications, particularly for electrodes in solar cells. However, the magnetic properties of these compounds are still under debate.
Transition metal (TM) doped ZnO received recently much attention [8] . However, the literature shows reports claiming for intrinsic ferromagnetism [9] , paramagnetism [8] , extrinsic ferromagnetism [9] or spin-glass behavior [10] in ZnO:TM . Recently, it was shown that the ferromagnetism in these materials can be induced by inclusions of nanoscale oxides of transitions metals [11] and/or nanoparticles containing a large concentration of magnetic ions [12] . Novel methods enabling a control of nanoassembling of magnetic nanocrystals in nonconducting matrices as well as functionalities specific to such a system were described [12] . Grain boundary defects have been also proposed to play role in facilitating magnetic ordering of oxide diluted magnetic semiconductors (see e.g. [13] ). Still the reports to date have been contradictory. Despite of a number of available reports and experimentally observed evidences for ferromagnetism of ZnO:TM, there is still an open question about the origin of ferromagnetism in these compounds. That is due to the poor reproducibility by using different preparation methods or the poor resolutions of the commonly used structural characterization methods. Further intensive studies are necessary, particularly discriminating materials characterization could provide insight on the understanding of the magnetic properties in TM doped ZnO.
At present there are many studies reporting the preparation and experimental studies of TM-doped nanoparticulate ZnO compounds (see eg. [4, 8, [14] [15] [16] [17] [18] [19] [20] [21] [22] ). The present review gives an in-depth discussion of the structural and magnetic properties of ZnO nanocrystals in addition to the technological issues such as different methods of wet chemical synthesis. Our aim was to examine the effect of ZnO nanocrystals transition metal (TM) doping on the magnetic properties of the resultant nanosized material. The systematic magnetic studies including AC magnetic susceptibility measurements and DC SQUID magnetometry were carried out. The micro-Raman spectroscopy measurements were performed. The samples were characterized by means of X-ray diffraction, scanning electron microscopy and transmission electron microscopy.
Experimental results and discussion

Structural characterization
The nanocrystalline samples of ZnO doped with Fe 2 O 3 , CoO and MnO were synthesized by use of two methods [23] [24] [25] [26] . In the copreciptation-calcination method, a mixture of transition metal hydroxides and zinc hydroxides from an aqueous solution of nitrites were obtained. The obtained hydroxides were filtered, dried at the temperature of 70 0 C and calcined at 300 0 C during 1 hour. In the hydrothermal synthesis the obtained hydroxides were put in the reactor with microwave emission. The microwave assisted synthesis was conducted under a pressure of 3.8 MPa during 15 min. The synthesized product was filtred and dried. These two methods allowed to obtain the series of nanosized samples with nominal concentration of Fe 2 O 3 from 5 to 70 wt.%, CoO from 5 to 80 wt.% (for calcination method) and from 5wt.% to 50 wt.% (for hydrothermal method), MnO from 5 to 95 wt.% in calcination method.
The detailed characterization studies including X-ray diffraction (XRD) measurements, micro-Raman and low-frequency Raman spectroscopy investigations, scanning electron microscopy, transmission electron microscopy, specific surface area measurements were performed [23] [24] [25] [26] [27] [28] . Fig. 1 . The mean crystallite size of the detected phases was determined using Scherrer formula [29] . In particular, the mean crystallite size of ZnFe 2 O 4 varied from 8 to 12 nm in both methods [23] . In the samples prepared using hydrothermal synthesis the amount of spinel phase is lower comparing with calcination method. For example in the XRD spectrum of the sample containing 50 wt.% Fe 2 O 3 in the hydrothermally prepared sample (Fig. 1b) the clear peaks attributed to ZnO phase are visible and in case of the same sample prepared by calcination (Fig. 1a) Raman spectroscopy measurements allowed to determine the detailed structural characterization [28, 30] . The advantage of micro-Raman technique is the very accurate chemical phases determination. Raman spectroscopy has already proven to be a unique tool for probing nanophases dispersed in a matrix (see eg. [31] ). The micro-Raman spectra were taken in the backscattering configuration and analyzed using a Jobin Yvon T64000 spectrometer, equipped with nitrogen cooled charge-coupled-device detector. As an excitation source we used the 514.5 nm line of an Ar-ion laser. The exemplary Raman spectrum is shown in Fig. 2 [32] .
A magnetic resonance study performed with an electron paramagnetic resonance spectrometer was carried out at room temperature for the calcinated samples [27] . A very intense magnetic resonance line with asymmetry depending on the iron oxide concentration was recorded for all samples. The resonance line is centred at g = 2.005(2) and its integrated intensity increases with the ferrite content, reaching a maximum for a sample with a nominal 70 wt.% content of iron oxide. The presence of iron in the form of ZnFe 2 O 4 was confirmed in all the investigated in present paper calcinated samples [27] .
The morphology was studied by use of SEM and HRTEM. The investigations allowed to distinguish two morphologies -spherical and hexagonal nanograins are observed.
Figs. 3 and 4 show selected SEM and TEM images. We assume the hexagonal crystals correspond to the ZnO, while the small spheroidal crystals -to the ZnFe 2 O 4 spinel. It was shown that the degree of agglomeration of nanocrystals depends on the amount of Fe 2 O 3 and decreases with increasing nominal Fe 2 O 3 content [23] . In addition SEM measurements showed that for hydrothermal process the tendency to the formation of agglomerates is less in comparison to the calcination process. The formation of agglomerates is minimized because during the hydrothermal process elevated under pressure of 3.8 MPa the synthesis temperature is only 250 0 C and reaction time is short: 15 min. Due to the agglomeration process the size of nanocrystallites determined from TEM is much smaller in comparison to the SEM studies. The size of nanocrystallites determined from TEM is in agreement with the results of XRD studies. Raman spectroscopy measurements confirmed XRD results. The detailed microRaman characterization will be shown elsewhere. Fig. 6 a and 6 [25] . In particular the deconvolution of a single XRD line for sample with high content of MnO content is shown. XRD method was applied to determine a mean crystallite size in prepared samples, using the Scherrer formula. The results of XRD analysis and micro-Raman spectroscopy measurements are compared in Table I . The micro-Raman measurements were performed for selected samples (see Fig. 9 ). The Raman peak at 660 cm -1 is observed. This peak is typical for spinel structure. In these samples, especially in the case of high doping level, bands from ZnMnO 3 
The magnetic resonance investigations have been carried out at room temperature [25] . Slightly asymmetric, broad and intense magnetic resonance line is recorded for all studied samples. It was shown that the phases ZnO and ZnMnO 3 dominate for samples with low content of nominal dopant, below 60 wt. %. 
Magnetic properties 2.1.1. Magnetic properties of ZnO:Fe 2 O 3
The dynamic magnetic properties were studied by means of AC susceptibility χ. The real, Re(χ), as well as imaginary, Im(χ) parts of magnetic susceptibility were measured by use of a mutual inductance method in an AC magnetic field of frequency (f), range 7-10 000 Hz and amplitude (H AC ) not exceeding 5 Oe. The measurements were performed in the temperature from 4.5 to 160 K. Fig. 11 shows the temperature dependence of the real part of the AC susceptibility for ZnO:Fe 2 O 3 samples prepared by calcination method (a) and hydrothermal process (b) in the wide range of magnetic dopant, measured at f=625 Hz . The Re(χ) curves show pronounced maxima. The above described experimental feature can be observed in both the superparamagnetic system and spin-glasslike systems. It is clearly visible that the temperature maxima T f shift towards higher temperatures with the nominal Fe 2 O 3 concentration. It should be stressed that the mean crystalline size d for magnetic crystalline phase (ZnFe 2 O 4 ) varied in the narrow range from 8 nm to 12 nm and should not be responsible for the observed distinct increase in T f .
The most common method to distinguish between superparamagnetic and spinglasslike systems is analysis of T f (f) behavior. It was shown that useful criterion for classifying the observed freezing/blocking process is the empirical parameter Φ [33] .
, where ΔT f is the difference between the peak temperature measured in the Δlog 10 (f), and f is the AC magnetic field frequency.
We performed the measurements of AC susceptibility as a function of frequency f for selected samples synthesized by two methods. For all samples we observed that the positions of the maxima (T f ) shift towards higher values with increasing driving frequency (see Fig.  12 ). The observed frequency-dependent behavior in Re(χ) data may be attributed to the blocking process of superparamagnetism or freezing process in spin-glass systems. It was shown that for interacting nanoparticles, superparamagnetic systems exhibit values of Φ between 0.05 and 0.10, in spin-glass systems Φ < 0.05 [34] [35] [36] . For calcination process, only for the lowest concentration of Fe 2 O 3 (5 wt. %), the value typical for superparamagnetic system of interacting nanoparticles was determined. For higher concentration of Fe 2 O 3 , the calculated values of Φ are in the regime typical for spinglass systems (0.03-0.04). For hydrothermal method, the values of parameter Φ are in the range 0.06-0.07 for all measured samples (from 5 wt. % to 70 wt. % of Fe 2 O 3 ). It was shown in our structural studies that hydrothermal method leads to lower agglomeration degree of nanocrystals. The dynamic magnetic properties of the system of nanoparticles strongly depend on the degree of agglomeration and particularly random agglomeration of magnetic nanoparticles can lead to the spin-glasslike behavior. Additionally we used the phenomenological Vogel-Fucher (VF) law to explain the dynamic magnetic behavior of investigated systems [37] . The VF law was introduced in the field of spin-glasses and disordered magnetism and it has been stated clearly that this law is phenomenological:
, where f is the driving frequency of H AC , f 0 is the frequency factor for the relaxation process, E a the height of the energy barrier due to magnetic anisotropies, and k B is a Boltzman's constant, T 0 is a physically unclear parameter but has been regarded as a phenomenological parameter which describes the interactions between particles.
The VF law is useful to compare the frequency sensitivity of T f for different magnetic systems (spin-glasses, superparamagnetic-like systems) through the ratio (T f -T 0 )/T f , where T 0 is the phenomenological parameter and can be only an estimate of the interaction strength [34] [35] . We fitted our experimental data with Eq. (2). The example results of the fitting procedure for VF law are shown in Fig. 13 . The determined values of the ratio (T f -T 0 )/T f are higher in the case of hydrothermal method. This is in agreement with calculated Φ criterion.
Magnetic properties of ZnO:CoO
The systematic magnetic measurements were performed. The AC magnetic susceptibility χ studies in the temperature range 4.2 -150 K using a mutual inductance method were carried out. The selected results of susceptibility measurements are shown in Fig. 14. In our experiment we have not observed any evidence of antiferromagnetic or superaparamagnetic behavior at low temperatures for all the investigated samples. The high temperature behavior of the inverse low-field susceptibility χ --1 was nearly linear for all samples prepared by calcination and hydrothermal method samples. All samples exhibited Curie-Weiss law behavior at high temperatures. The diamagnetic AC susceptibility of -0.33·10 -6 emu/g for ZnO [38] was substracted from the measured magnetic susceptibility. 
Magnetic properties of ZnO:MnO
The results of magnetic AC susceptibility for selected samples of ZnO doped with MnO are shown in Fig. 16 . For the samples with low content of MnO (up to 50 wt. %) the broad peak in the real part of magnetic susceptibility was observed. We did not observe the shift of the maximum of the peaks with the frequency for all the samples. However one should notice that observed peaks in AC susceptibility are very broad. This can be a result of a large nanocrystallite size distribution in the sample. For samples with higher content of magnetic dopant we observed peak at around 43 K, characteristic of a Mn 3 O 4 ferrimagnet. This is consistent with the structural measurements (the presence of Mn 3 O 4 crystalline phase for samples above 60 wt.% of MnO).
To better understand the magnetic properties of these systems we performed SQUID magnetization measurements as a function of temperature at small applied magnetic fields. The inset in Fig. 16 shows typical SQUID magnetization for sample with low content of magnetic dopant. A clear bifurcation of the FC and ZFC plots is visible. The furcation of ZFC and FC curves at a certain temperature is one of the characteristic features of superparamagnetic system. However, the coinciding broad maximum observed on the ZFC curve occurs at a slight lower temperature than temperature maximum observed for AC magnetic susceptibility. Such behavior usually signalizes a certain particle size distribution in nanocomposite. For ZnO:MnO samples we observed five different crystalline phases. One should realize that interpretation of magnetic results in such a case is quite a difficult task. However the results of magnetic measurements corroborate very well with the magnetic resonance studies [25] .
Conclusions
We have studied structural and magnetic properties of nanocrystalline ZnO doped with transition metal oxides. For ZnO:Fe 2 O 3 the structural studies revealed that in the samples obtained using both methods the peaks belonging to ZnO and ZnFe 2 O 4 can be found. We analyzed the observed frequency dependence of the peak temperature in the AC susceptibility curve using the empirical parameter Φ that is a quantitative measure of the frequency shift and is given by the relative shift of the peak temperature per decade shift in frequency as well as Vogel-Fulcher law with equally good fit. For nanocrystals synthesized by hydrothermal process the results of lowfield AC susceptibility are satisfactorily explained by superparamagnetic model including inter-particle interactions. For samples synthesized by calcinations process with the increase of magnetic Fe 2 O 3 content, the spin-glasslike behavior is observed.
For ZnO:CoO the structural studies revealed that in the samples obtained using calcination method the peaks belonging to ZnO and Co 3 O 4 can be found. For hydrothermal method ZnO and ZnCo 2 O 4 phases were recognized. For all samples high temperature CurieWeiss behavior in AC magnetic susceptibility was observed. We observed that the determined negative values of the Curie-Weiss temperature θ depend strongly on the nominal content of cobalt oxide. It was shown that for calcination method the values of θ increase with the increase of magnetic dopant indicating enhancement of predominance of antiferromagnetic interactions. For hydrothermal method the opposite effect was observed indicating the breakdown of predominance of aniferromagnetic coupling with the increase of nominal magnetic dopant.
For ZnO doped with MnO (up to 50 wt. %) the peak in low temperature magnetic susceptibility is observed. The DC magnetic measurements suggested superparamagnetic behavior. Futher magnetic studies, including nonlinear magnetic susceptibility could be helpful in studying magnetic properties of ZnO:MnO. For samples with higher magnetic dopant, the presence of ferrimagnetic Mn 3 O 4 is clearly visible. The structural measurements revealed the presence of Mn 3 O 4 crystal structure for samples with MnO content above 50 wt. %. 
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